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In the present study, the potential of biomass-to-bio-oil conversion as an intermediate process step to 
increase product energy density and subsequently decrease transport-related costs is examined. The 
scheme under investigation consists of two steps; (1) decentralized bio-oil production from biomass 
gathered from a certain area and (2) transportation of the produced bio-oil to a central destination (bio- 
refinery, power plant, etc.). The supply chain is compared to one based on direct solid biomass 
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transportation from the circular source to the central plant. The best case scenario of the biomass-to-bio- 
oil conversion scheme involves an 80 dry t/h fast pyrolysis unit and utilization of the by-product char for 
electricity production, while the bio-oil is transported by pipeline. For central transportation distances 
ranging from 100 to 500 km, the centralized unit yard cost of woodchips-derived bio-oil is equal to 
0.030-0.035 €/kWh, while the respective cost for directly transported biomass varies between 0.015 
and 0.024 €/kWhyp. It can therefore be concluded that the capital and operating costs of fast pyrolysis 
units are still high, hindering any benefits from cost-effective transportation of the bio oil. 

© 2014 Elsevier Ltd. All rights reserved. 
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1. Introduction 


The upgrade of low energy density solid biomass to liquid bio-oil 
from 0.1 to 0.8 t/m? [1,2] to 1.2 t/m? [1-4] and from 1.5-14.8 GJ/m? 
[1,2,4] to 20.4-26 GJ/m? [1,2,5-7] through the fast pyrolysis process 
has become extensively investigated. The use of biomass as a fuel 
for bio-refineries and power plants is associated with high trans- 
portation costs, mainly due to its relatively low energy density 
[2,8,9], which is approximately 1/8th of that of coal [9]. Kumar et al. 
{10,11] have shown that the cost of biomass transportation in 
a biomass-to-ethanol conversion scenario is between 25% and 50% 
of the total production cost. For the production of electricity, 
transport costs can reach values from 25 to 45% of the total 
electricity production cost [9]. 

A much discussed way to overcome this issue is the decen- 
tralized conversion of the locally produced solid biomass to bio-oil, 
a liquid product of much higher energy density (up to 7 times [2]) 
and better fuel quality, through the fast pyrolysis process 
{1,2,12,13]. Apart from its higher bulk density, ranging between 
8 and 12 times that of biomass, bio-oil exhibits some additional 
advantages such as better handling and storing efficiency at 
a lower cost [2,14]. In [2] it is shown that the land requirements 
of a bio-oil handling facility are significantly lower than those of 
a woodchip handling system (1.8 in contrast to 3.9ha for a 
50 MW, plant), with a subsequent impact on the land costs. 
Furthermore, it is shown that bio-oil handling systems have less 
moving equipment and labor associated with them, resulting in 
lower operation and maintenance costs. 

In addition to this, bio-oil is considered an appealing feedstock 
for biorefineries owing to its high versatility, since it presents a 
potential for a wide range of uses. Certain utilization pathways 
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encompass the upgrade and refining of the fuel through technol- 
ogies such as gasification and synthesis, fluid catalytic cracking, 
hydroprocessing, and steam reforming. The possible final products 
include biofuels (biohydrogen, bioethanol, transportation fuels, 
etc), chemicals and other materials [5,14-17]. Other options are 
the heat and power production [15,18,19]. It should be noted that 
although bio-oil has been tested as a fuel for electricity production 
in properly modified gas turbines and diesel engines [20], it still 
cannot be used as a transportation fuel in its present form [7]. This 
is mainly due to its high acidity, low thermal stability and calorific 
value, high viscosity and poor lubrication compared to light and 
heavy fuel oils [7,20,21]. Other disadvantages include the higher 
content of solid particles and ash present in bio-oil mixtures, 
which is detrimental to the efficiency of combustion processes 
[21]. A possibly viable method to ameliorate the problematic 
properties of bio-oil investigated by Ikura et al. [22] regards its 
mixing with No. 2 diesel fuel. On the other hand, certain studies 
have shown that bio-oil could replace light and heavy fuel oils in 
industrial boiler applications [18,23]. 

The purpose of the present study is to estimate the production 
cost of fast pyrolysis bio-oil for different biomass species and 
reactor capacities and to investigate the potential of the decen- 
tralized fast pyrolysis process to reduce the increased costs related 
to biomass transportation to central plants. The parameters taken 
into consideration are the biomass annual feed to the pyrolysis 
plant, its purchase price, surface density, chemical composition 
and energy content. 

The biomass-to-bio-oil conversion and transportation scenario 
is compared to a scenario involving direct biomass transportation. 
For the more accurate calculation of fast pyrolysis product yields, 
composition and energy content with respect to the biomass 
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Fig. 1. Overview of biomass-to-bio-oil conversion though fast pyrolysis as a concept to reduce fuel transportation costs from a biomass source area to a central gasification 


plant. The cost components of each fuel supply scenario are also included. 
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species considered, a model is implemented. The two supply 
chains and their cost constituents, which will be extensively 
discussed in the following sections, are depicted in Fig. 1. Before 
the steps of the methodology that will be followed are presented 
(Section 3), an overview of the fast pyrolysis process, bio-oil fuel 
and the technology status follows. 


2. Overview of the fast pyrolysis process for bio-oil production 
2.1. The fast pyrolysis process 


Pyrolysis, the thermal decomposition of the organic structures 
(cellulose, semi-cellulose and lignin) of biomass occurs when the 
latter is heated in the absence of an oxidizing medium [15,24]. The 
resulting products are of solid (char), liquid (bio-oil) and gaseous 
(permanent gases) phase [24]. While the main product of slow and 
mild pyrolysis processes (i.e. torrefaction) is solid [25] fast pyrolysis 
has been presently optimized for maximizing the yield of bio-oil. 
Therefore, the process temperature is strictly controlled to about 
500 °C [1,12-14,26] the heating rate is extremely high (10? °C/s to 
10° °C/s [23,26] or reportedly 50 W/cm? [23]), while the vapor 
residence time in the reactor is kept very short (0.5-2 s) [5,12,26]. 
Higher and lower reaction temperatures have been associated with 
increased gas and solid yields respectively [5,27,28]. The produced 
char is immediately separated from the pyrolytic volatiles though 
cyclones in order to suspend its catalytic behavior over secondary 
cracking reactions [5,24,29] and the volatiles are rapidly quenched. 
A fraction of them (water and organic tars) condenses and forms 
bio-oil, while another (composed mainly of the gases CO, CO2, CO, 
Hə and light hydrocarbons) remains in gaseous phase in ambient 
conditions [29]. Provided the aforementioned conditions of fast 
pyrolysis are met, the yield of bio-oil can reach values between 
70 and 80% (depending on the feedstock [15]) while the yields of 
char and permanent gases are at about 12 and 13% of the dry feed, 
respectively [5,19]. For comparison, slow pyrolysis processes pro- 
duce ~30% liquid, ~35% gases and ~35% char [23]. It should be 
pointed out that apart from the reaction conditions, the ash 
contained in the original biomass is one of the most influential 
parameters in the process [15]. It has been observed that high ash 
contents lead to an increased formation of water, gases and char 
while diminishing the yield of the organic liquids [6,15,20,30,31 |. 
This effect has been attributed to the catalytic role of alkaline metals 
(mainly potassium and phosphorus [15,32,33] ) over secondary 
reactions in the pyrolytic liquids [6,31,34]. A proposed way to avoid 
the detrimental effect of the ash content on the bio-oil yield 
and quality is washing the feedstock with water or acid prior to 
pyrolysis [31,35]. 


2.2. Bio-oil properties overview 


Bio-oil can be considered as a mixture of water (10-30%) and of 
a great number of organic molecules (70-90%) [5,7,20]. These 
molecules include species such as acids, alcohols, ketones, alde- 
hydes, phenols, ethers, esters, sugars, furans, nitrogen and other 
multifunctional compounds [26,36], the majority of which have 
not been identified [37]. 

For the time being, the number of organic compounds identi- 
fied in different bio-oils exceeds 300 [26]. Because of its high 
water and oxygen content, bio-oil is polar and immiscible with 
non-polar hydrocarbon fuels [4]. As reported in [38], although bio- 
oil is miscible with polar solvents such as methanol and acetone, 
it is immiscible with petroleum derived fuels. 

The elemental composition of bio-oil is very similar to that of 
the original biomass [7]. Its density is roughly 1.2 t/m? while its 
high heating value ranges between 15 and 20 MJ/kg (wet basis) 


depending on its water content [5,26,39,40], being approximately 
equal to 42% of the heating value of light fuel oil [38]. Its viscosity 
ranges between 25 and 1000 m° s~! [38]. Due to its higher energy 
density, bio-oil can be transported at a much lower cost than 
biomass, while at the same time being more effectively handled, 
with substantially lower storage requirements. Moreover, the 
gasification of bio-oil is another aspect offering many advantages 
compared to biomass, since the fuel’s homogeneity and signifi- 
cantly lower ash content make it possible to diminish downstream 
syngas requirements [41]. 


2.3. Geographical prospective of bio-oil production 


The scope of this study does not focus on a specific geographic 
region and aims to have a rather generic character. However, the 
majority of the techno-economic investigations on bio-oil production 
from fast pyrolysis found in the literature is, to the knowledge of the 
authors, rather limited geographically to the EU countries, the USA and 
Canada (indicative references: [6,12,16,37,39,42—44]). In addition to 
this, most of the up scaling efforts of the fast pyrolysis process, 
involving the development of units that are reaching demonstration 
and commercial level, are situated in the USA (with organizations and 
companies such as Ensyn, GTI, KiOR, Red arrow, RTI International), 
Canada (ABRITech/Advanced Biorefinery Inc, Forespect, Agri-Therm/ 
University of Western Ontario, Ensyn, Dynamotive, RTI, Pyrovac), 
Northern and Central Europe countries such as the Netherlands 
(BTG, Empyro), Finland (Metso, VIT) and Germany (KIT/Lurgi, Fraun- 
hofer, Pytec) [5,15,40]. The intense research and industrial activity on 
the fast pyrolysis technology in the above regions can be attributed to 
the large quantities of biomass available in North America and North 
and Central Europe, in conjunction with the environmental policies 
adopted by these countries to decrease CO, emissions and the 
subsequent increase of interest in the production of biofuels. As a 
matter of fact, in the USA, fast pyrolysis has recently become 
recognized as a key route for liquid biofuels production, as it is 
illustrated from the Department of Energy (DOE) funding strategy [45]. 

On the other hand, in Southern Europe, although there is 
a large biomass potential, factors such as absence of established 
biomass market and high transportation costs in case of forestry 
biomass do not encourage the biofuels commercialization [46]. 
This fact is mirrored on the pyrolysis plants development, the 
extent of which is quite restricted in this region, in comparison to 
the northern Europe. 

According to relevant review studies on the bioenergy situation 
in Greece, the utilization of biomass sources such as wood pellets 
[47], agricultural residues [48] and energy crops [49] for biofuels 
production has promising prospects, in general terms. As far as the 
technology of pyrolysis conversion is concerned, a demonstration 
slow pyrolysis plant operated in Evritania region of Central Greece 
with 1200-1450 kg/h capacity of forestry biomass [50]. The 
importance of technical improvements required at the time 
(1995) for the separation of the produced char from the volatiles 
was emphasized. The authors also concluded that pyrolysis is a 
promising method for the valorization of forestry residues and 
agricultural waste of little value and for minimizing the potential 
for forest fires. However it was underlined that before the 
technology can be fully implemented in the country, concerns 
pertaining to the adequacy of biomass supply, charcoal and bio-oil 
market status and logistics should be taken into account. 


3. Concept description-methodology 


A number of different options have been proposed in the 
literature regarding the location of the pyrolysis and the gasifica- 
tion/biorefinery plants. The present work is focused on the approach 


60 K. Braimakis et al. / Renewable and Sustainable Energy Reviews 35 (2014) 57-72 


of the “decentralized feedstock pretreatment and centralized bio- 
refinery” concept [8]. The biomass produced in a decentralized rural 
farm community is converted to bio-oil in a local fast pyrolysis plant. 
The liquid product is subsequently supplied to a large central plant 
(i.e. gasification plant) where its final processing/utilization 
takes place. 

The economic analysis performed has the purpose of determin- 
ing the conditions under which the decentralized conversion of 
biomass to bio-oil via fast pyrolysis can actually reduce total fuel 
acquisition costs for a central gasification/bio-refinery plant. For 
the purpose of the analysis a circular area S of radius R,-source of 
homogenously distributed biomass (i.e. energy crops) of surface 
density (dry t/ha) 6 and a central plant C are considered (see 
Fig. 1). The direct distance between the center of the circular area P 
and the central plant C is equal to D. The investigation is based on 
the comparison of two different scenarios: In the first one, the 
biomass of each internal point (field) of the circular surface S is 
directly transported to the central plant C. In this case, the total 
fuel acquisition cost equals to the sum of the purchase plus the 
road transportation cost of the biomass. In the second scenario, 
the biomass inside S is firstly transported from every local field to 
P, where it is converted to bio-oil in a fast pyrolysis unit. The 
produced bio-oil is afterwards transported to C. The total fuel 
acquisition cost of this scenario includes the cost of purchasing 
and transporting the biomass to P, the cost of producing bio-oil in 
the fast pyrolysis unit as well as the cost of transporting it to C. The 
capacity of the biomass considered is a core parameter of the 
evaluation, since it greatly influences the capital cost of the plant 
and therefore the cost of bio-oil production. Annual biomass 
feedstock rates corresponding to 20 and 80 dry t/h pyrolysis plant 
capacities have been frequently reported in previous economic 
analyses [6,9,16,37]. 

Owed to its higher energy density, the specific transportation 
cost of bio-oil is lower than the respective cost of biomass. 
Therefore, as the distance D increases, the total cost of the second 
scenario (involving fast pyrolysis) tends to diminish relatively to 
the total cost of the first (involving direct biomass transportation). 

One of the goals of the economic evaluation of this work is to 
determine the existence of a realistic direct critical distance Der 
between the points P and C, beyond of which the second scenario 
is always more beneficial in comparison to the first. Given a value 
of Der, it follows that fuel transport costs for the central unit can be 
optimized when biomass from sources situated inside the bound- 
aries of the circle with radius D,, and center C is transported 
directly to the central gasification plant and any biomass from 
sources externally located is firstly converted into bio-oil in fast 
pyrolysis units. The main parameters affecting the value of Der include 
the biomass surface density, the capacity of the biomass feedstock 
within S as well as the characteristics of the species considered. 

The analysis is carried out in two steps. Firstly, a methodology 
for the estimation of the transportation cost of biomass and bio-oil 
is introduced, taking into account the special product character- 
istics (density, heating value, moisture) and means of transporta- 
tion used. These costs refer to: 


1. Transportation of biomass from the source (every field-point of S) 
to its center P. 

2. Transportation of biomass from the source (every field-point of 
S) to a location C situated in its exterior. 

3. Transportation of bio-oil from one location P to another C. 


All transportation costs are assumed to be marginal, which 
means that they are estimated on the basis of a net present value 
equal to zero. This means that the minimum transportation costs 
are evaluated in each case, since the net profit of the organization/ 
company charged with the fuel transportation is assumed equal to 


zero. In a realistic situation, this assumption would mean that the 
transportation capital (trucks, facilities, etc.) are either property of 
the owner of the fast pyrolysis or the gasification plant, who is also 
responsible for the coverage of all the operating costs (driver 
payments, fuel, truck maintenance, utilities), or is owned by self- 
employed truck drivers. In any other case, if for example an external 
transportation company is contracted for transporting the biomass/ 
bio-oil, the costs should be higher than estimated by the methodol- 
ogy followed in this study, in order to account for the net profit of 
the company. The approach employed has been adopted in various 
other transport cost-related studies [9,16,51-53]. 

Secondly, the production cost of bio-oil is estimated for varying 
values of plant size, biomass surface density and purchase price, 
though a complete techno-economic analysis of a fast pyrolysis 
unit located in P. A model predicting fast pyrolysis products 
distribution and their corresponding heating values is employed 
in order to estimate the energy efficiency of the process and the 
by-product char and gases utilization requirements. 

The final fuel acquisition costs of each scenario (€/GJ) are 
calculated in each case for a range of values of the distance D. 
The critical distance Der is the value of D for which the two costs 
are equal. Practically, any type of biomass can be selected for fast 
pyrolysis processes, with nearly 100 different species having been 
tested, ranging from agricultural wastes to energy crops and solid 
wastes [15,54]. The present analysis is carried out for two biomass 
species, SRC willow woodchips and miscanthus, which are repre- 
sentative of woody and herbaceous biomass of high and lower 
energy density respectively [3]. 


4. Biomass and bio-oil transportation costs 


The transportation cost of biomass and bio-oil by truck has 
been estimated and reported in various studies [9,39,52,53]. It is 
shown that this cost is connected with the transportation distance 
by a linear function and is commonly expressed by using a fixed 
cost FC (€/t) and a variable cost VC (€/(tkm)) coefficient, which are 
independent and dependent of the transportation distance respec- 
tively [9,52]. Therefore the total specific cost (€ t~') is given 
according to the equation: 


TC =FC+VC xD (1) 


In the above equation, FC signifies the fixed cost (€/t) and VC the 
variable cost coefficient (€/tkm), while D is the direct transporta- 
tion distance of the biomass. This means that when biomass is 
transported in a direct distance, one part of the total cost depends 
purely on the quantity (tonnes) of biomass (FC x t) while another 
part depends not only on the quantity, but also on the distance 
(VC x tx km). In the present study, it is assumed that biomass is 
transported by trucks. For the case of bio-oil, both options of 
tanker trucks and pipeline transportation are examined. 


4.1. Estimation of biomass and bio-oil transportation cost 


In order to determine the type of truck used in each case of 
transportation, special weight and volume limitations for different 
biomass types and for bio-oil should be taken into consideration 
because of their varying density. European Union regulations limit the 
Gross Vehicle Weight Rating (GVWR) of articulated trucks to 40 t (in 
the US this limit is 36.3 t [2]), with equivalent restrictions on vehicle 
dimensions, which cannot exceed the size of 4 x 2.55 x 16.5 m. The 
above regulations pose an upper limit to the net payload that can be 
carried by the transport vehicles. 

The maximum cargo volume is thus limited to about 150 m? 
and the payload to 29t for the biggest trucks available, for 
example, on the UK Ministry of Transport freight Best Practice 
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guide [55]. The criterion for selecting the appropriate truck type is 
the maximization of the payload, since it leads to minimization of 
the roundtrips and therefore of vehicle and driver requirements. 


Table 1 

Non-driving time for woodchips, miscanthus and bio-oil transportation [53]. 
Feedstock type Woodchips* Miscanthus* Bio-oil” 
Roundtrip time Minutes Minutes Minutes 
Loading 34 36 15.53 
Load covering 10 10 15 
Unloading 10 18 15.53 
Weighing 10 12 10 
Idle time“ 10 10 10 
Total trest 73 86 66 


2 A 5 m? front end loader and an adapted front end loader are used for loading 
of woodchips and miscanthus. A walking floor and an automated granty crane are 
used for unloading woodchips and bales respectively. Additional time is needed for 
covering the load to prevent dust spillage and for weighing the truck. 

P Bio-oil is loaded and unloaded using six parallel 200 mm diameter pipes. The 
capacity of loading and unloading is calculated by Hagen Poiseuille law of 
Newtonian liquids, using bio-oil property values given from Dynamotive. An allowance 
is for connecting and disconnecting hoses and for weighbridge operations. 

€ An allowance of 10 min of idle time per roundtrip has been made in order 
to make up for unscheduled delays. 


Table 2 
Transportation modes and cost equations. 


Single distance transportation 


D B 


e—a 


> 


FCxBio+VCxDxBio (tl) 


where Bio stands for the biomass quantity to be 
transported (t) 


Transportation from circular surface to center 


C xR? +C,XR? (#2) 


Transportation from circular surface to external point 


CXR? +C, x |” | NRI R?D= 2R Deos(p)dRdp (t3) 


Given the above limitations, it is concluded that bio-oil and 
woodchips, having a density of 1.2t/m? and 0.22t/m? [55] 
respectively, can be transported by a 38 t articulated truck with 
a semi-trailer of a payload of 29 t [55]. For miscanthus of density of 
about 0.14 t/m? [16], a 32 t rigid truck, having a payload of 20 t 
should be used [55]. The above assumptions are in general 
agreement with these followed in similar studies, such as [52] 
(woodchips payload=40 t-van, straw payload=20 t with flatbed 
truck), [56] (bales miscanthus giganteus payload= 18.36 t), [39] 
(bio-oil payload for tankers=30.5 and 24 t), [9] (bio-oil payload 
36 t for liquid tank truck), and [57] (cotton stalks and almond tree 
prunings payload for trucks=25 t). 

The single distance transport cost is defined as the cost of 
transporting a product (biomass/bio-oil) from a starting point to a 
destination. The total number of annual roundtrips required is 
calculated given the annual product capacity and the payload of 
the trucks. The time needed per roundtrip is divided into two parts. 
The first part is made up of the driving time, dependent on 
transportation distance and average truck speed. A winding road 
factor w, is applied to account for the indirect routes of the road grid 
[39,57]. The average truck speed must be in the range of speed limits 
regulations. It also depends on the status of the road grid used (i.e. 
rural/national roads). The second part of the total roundtrip time fres¢ 
consists of time needed for other transport related procedures 
besides driving such as loading and unloading, weighing and cover- 
ing the load. This amount of non-driving time has been reported for 
woodchips, miscanthus and bio-oil by Rogers and Brammer [53], 
based on literature data from [58,59]. Woodchips and miscanthus are 
loaded with a front and an adapted front end loader [53]. Bio-oil is 
fed to and extracted from the tanker truck using parallel 200 mm 
diameter pipes. The loading capacity is calculated by Hagen Poiseuille 
law using property values given from Dynamotive [53,60]. An 
amount of idle time (unexpected delays) is also taken into account. 
The non-driving time tess and its components are summarized in 
Table 1. From the total annual operating hours, given a specified 
value of man hours and for a certain number of delivery days, the 
number of drivers to be employed is estimated. The number of trucks 
is determined by the recommended annual mileage for each truck 
type while at the same time considering a daily delivery time upper 
limit equal to 12 h [53]. 

The total single distance transportation cost for a distance of 
D km is given by a linear equation (2). In order to calculate the 
biomass collection cost from each point of a circular surface of radius 
R to its center or to a point situated outside its boundaries, the 
respective surface integrals of the above equation are calculated (Eqs. 
2 and 3). The transportation scenarios and the equations used to 
determine the respective costs are summarized in Table 2. 

All transportation parameters, together with costs related to truck 
capital and maintenance, insurance and road taxation, as well as fuel 
consumption for the trucks selected in each case are presented in 
Table 3. The values for the technical characteristics (maximum pay- 
load, fuel consumption) cost variables and other economic parameters 
(capital and maintenance cost, fuel consumption, insurance, etc.) 
involved are taken based on reported values from representative 
actual trucks [55]. For comparison, as far as the truck capital cost is 
concerned, in [57] the authors use a value of 120 k€ for a 40 t payload 
truck, while in [3] a cost of 145-160 k€ is reported for a 20-22 t truck 
and trailer. An even lower value of 79 k€ is reported in [61] for a 
42 t truck. 

The primary parameters of the methodology used for the estima- 
tion of the transportation cost are graphically depicted in Fig. 2. 


4.2. Transportation costs results and discussion 


Assuming an average speed of 50 km/h, the single distance 
transportation specific cost of willow woodchips, miscanthus bales 
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Table 3 
Economic and transportation parameters for woodchips, miscanthus and bio-oil. 


Feedstock type Woodchips [3] 
Moisture content 30% 

HHV 18,400 MJ/kg (d.b.) 
Economic parameters 
Truck type[55] 


Truck capital cost [55] 110,000€ 
Interest rate [55] 7% 

Project life (service life of truck) [55,57] 6 years 
Mileage [55] 112,654 km 
Maintenance and repairs [55] 15% of capital 
Insurance and taxes [55] 6% 

Driver earnings [55] 26,000 € 
Fuel consumption [55] 0.41 L/km 
Fuel price [62]! 1.5 €/L 
Transportation parameters 

Truck payload [55] 29t 

Average speed u [63]* 30-80 km/h 
Winding road factor [53,57]° V2 

Annual delivery days [53]° 230 days/year 
Daily driver shift [64] 8h 

Max daily delivery time [53] 12h 


1 Diesel oil price, European energy portal website. 


38 t truck with semi trailer 


Miscanthus Bio-oil [5] 
15% 25% 
17,600 MJ/kg (d.b.) 17,000 MJ/kg (a.r.) 


32 t rigid truck 38 t truck with semi trailer 


100,000€ 110,000€ 

7% 7% 

7 years 6 years 
64,374 km 112,654 km 
19.5% of capital 15% of capital 
5.7% 6.0% 

26,000 € 26,000 € 
0.40 L/km 0.41 L/km 

15 €/L 15 €/L 

20t 29t 

30-80 km/h 30-80 km/h 
V2 V2 

230 days/year 230 days/year 
8h 8h 

12h 12jh 


a Average transportation speed is based on legislation and road grid status: For national roads maximum speed limit for trucks is u=80 km h~! in most EU nations [63]. 
For rural areas a speed of u=30 kmh! (rural area) is assumed (decentralized transportation from biomass source to pyrolysis plant). This speed value was assumed based 
on data provided by [65] for travel speeds on 2 lane highways, graveled county roads and logging roads. For central transportation (direct biomass and bio-oil transportation) 
a weighted average speed is assumed u = (Rn/Ro)U1 +(Ro —Rn/Ro)U2 where u;=30 km/h, uz=75 km/h. 

> This assumption is made on the basis that the actual route taken between a feed source and the feed conversion facility in a grid of roads would run along two sides of 


a right-angled isosceles triangle. 


€ The number of delivery days is estimated after non-delivery days (weekends, holidays, etc. are subtracted). 
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Fig. 2. Graphic representation of the model used for transport cost estimation. 


and bio-oil, as well as the specific collection cost from a circular 
surface of radius R to its center for woodchips and miscanthus is 
shown in Fig. 3a and Fig. 3b. 

The HHV and the density of each product have a great impact 
on the transportation cost, since for the same amount of energy 
content, more roundtrips are needed for the delivery of products 
of lower energy density. Consequently, more operating hours and 
trucks are required, thus increasing capital and operating costs. As 
a matter of fact, the specific transport cost is lowest in the case of 
bio-oil and highest in the case of miscanthus. 

Rogers and Brammer [53] introduce a zone costing approach 
for transport cost estimation, based on the noted strong connec- 
tion between the specific transportation cost and the maximum 
number of daily roundtrips carried out. The values from different 
studies on biomass and bio-oil transport are listed in Table 4. 


4.3. Pipeline vs truck transportation of bio-oil 


The transportation of bio-oil by pipeline has been investigated 
by Pootakham and Kumar [9]. It is shown that it is dependent on bio- 
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Fig. 3. (a) Specific transportation cost from a circular surface of radius R to its 
center for woodchips and miscanthus. (b) Single distance specific transportation 
cost of woodchips, miscanthus and bio-oil for a distance D. 


oil capacity. For 500 m?/day and for a distance of 100 km the fixed 
and variable cost components of transportation are 0.0423 $/m? and 
0.1201 $/m? respectively. For other capacities the transportation costs 
are given in Table 5. 
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Table 4 


Biomass and bio-oil transportation costs as estimated from previous studies and for the current study. 


Commodity Pootakham/Kumar [9,52] Rogers and Brammer [53] Bridgwater [39] Present study 

Biomass Woodchips Woodchips Woodchips: 
FC=2.80 €/t 0-11 km: 0.17 €/GJ FC=0.85 €/t 
VC=0.05 €/(tkm) 96-224 km: 1.11 €/GJ VC=0.12€/(tkm) 
Straws Miscanthus Miscanthus: 
FC=4.08 €/t 0-11 km: 0.23 €/GJ FC=1.36 €/t 
VC=0.09 € /(tkm) 87-215 km: 1.35 €/G] VC=0.21 €/(tkm) 

Bio-oil Liquid tank truck 0-11 km: 0.17 €/GJ FC= 4.29 €/t FC=0.76 €/t 
FC=3.84 €/t 96-224 km: 1.27 €/G] VC=0.039 €/(tkm) VC=0.12 €/(tkm) 
VC=0.03 €/(tkm) 
Super B-train tank trailer 
FC=5.71 €/t 
VC=0.05 €/(tkm) 

Table 5 reported bio-oil production costs of fast pyrolysis units for various 


Fixed distance cost (FC) and variable distance cost (VC) coefficient values for bio-oil 
pipeline transportation [9]. 


Capacity of pipeline transporting bio-oil (t/h) FC (€/t) VC (€/(tkm)) 
7.8 0.0987 0.2864 
12.5 0.0686 0.2039 
23.45 0.0451 0.1176 
50 0.0281 0.0682 
100 0.0198 0.0418 
20 
' + \ 
\ [72] w this study 
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15 
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N 
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5 {il [68][69] ner 


[37, 42, 44, 67, 70, 71, 73,75] 


Bio-oil production cost (€/GJ) 
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Fig. 4. Reported bio-oil production costs from several studies in the literature 
[16,37,42,44,66-75]. 


Given the data from Table 5, the specific cost €/t of bio-oil 
transportation by pipeline is plotted for various capacities against 
the respective cost of truck transportation. While the specific cost 
of pipeline transport is dependent upon the capacity of bio-oil, the 
cost of truck transport is fixed regardless of the amount of bio-oil 
to be delivered. Assuming a bio-oil yield of about 65%, it follows 
that for the bio-oil flow rate corresponding to fast pyrolysis unit 
biomass capacities under 23 dry t/h, it is beneficial to carry out the 
transportation by trucks, while for higher capacities the option of 
pipeline becomes increasingly advantageous. 


5. Bio-oil production cost 


The production cost of bio-oil has been investigated in several 
studies for different kinds of biomass, reactor capacities and 
configurations. According to estimates reported in [66], it ranges 
between 69 and 414.34 €/t. A number of literature data on the 


feed capacities and reactor types gathered from various studies 
[16,37,42,44,66-75] are plotted in Fig. 4. It should be noted that 
these studies do not always follow the same approach on the 
definition of the total capital investment, since in some cases cost 
components such as land and site preparation are not included in 
the value of the capital cost assumed. Moreover, due to the 
chronological difference among the studies (covering a span from 
the early 90s to the late 2000s), the effect of the developing 
maturity of the technologies examined (reactors, etc.) on the 
capital costs is not negligible. Furthermore, the values of some 
major economic assumptions (such as labor and biomass purchase 
cost) differ significantly from study to study. As a result, great care 
should be taken before establishing a correlation between bio-oil 
production cost and pyrolysis plant capacity or directly comparing 
the results from different investigations. 

Most of the studies included in the present work concern pyrolysis 
plants with capacities lower than 20 dry th~'. On the other hand, 
very few investigations on larger units (above 40 dry th~') have 
been conducted. As can be seen from Fig. 4, a high number of studies 
indicate that the cost of producing bio-oil ranges from 4 to 10 € GJ! 
(i.e. [16,37,42,69]), while others estimate values of up to 18-19 € GJ~! 
[68,72]. 

The price of biomass purchase, ranging from 30 to 90 €/t 
[5,17,37,77], as well as the fast pyrolysis plant scale, highly 
influence the bio-oil production cost. The effect of the plant scale 
on the economic feasibility of bio-oil production plants has been 
examined in many studies [5,6,16,39,42]. However, there is an 
upper limit of the plant capacity beyond which the benefits 
become less significant [5,6,16]. According to the curves plotted 
in Fig. 4, this limit is estimated between approximately 10 and 
20 dry th~! biomass capacities. Despite the expected economic 
benefits from large fast pyrolysis plants, it should be noted that the 
continuous operation of large scale commercial bio-oil production 
facilities has not been yet demonstrated and there are unresolved 
issues regarding the practical viability of the heat transfer to the 
reactor [5,18,23,37]. 


5.1. Biomass pretreatment facility 


Before the main thermo-chemical conversion takes place, the 
raw biomass feed to the plant should be appropriately prepared. 
The biomass pretreatment facility is an important part of a fast 
pyrolysis unit, taking up a significant percentage of capital and 
operating costs [6,16,37,66]. Its basic tasks include screening the 
incoming biomass, feedstock storage, drying and grinding [6,28,39]. 
The storage facilities should be able to provide a buffer zone for 
non-delivery periods (for example in seasonally harvested feed- 
stocks) and assure a steady fuel flow to the reactor [6,39]. The 
biomass feedstock delivered to the pyrolysis plant is usually in the 
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form of chips or bales which facilitate its transportation. Its initial 
moisture can be between 50 and 60% (wet basis) [23,28], depending 
on the fuel type. During its storage, it is possible to decrease its 
moisture content by passive drying (through sunlight and ambient 
air) storage to 3-30% [23,28]. However, size reduction of the 
biomass to fine particles of 1-2.5 mm size [6,37,78], as well as 
further drying to levels of moisture lower than 10% ( and of about 
7%) w/w are necessary [6,28,37,76] in order to achieve the high 
heating rates required for the maximization of the bio-oil yield 
during the reaction. Too much moisture in the initial fuel can lead to 
lower heating values of the produced bio-oil, since almost all of the 
moisture of the biomass appears in the pyrolysis liquids [28]. At the 
same time, water contents influence the bio-oil’s physical proper- 
ties such as chemical stability, viscosity, corrosiveness and pH [28]. 
The above reasons make the drying process of the initial biomass 
very important, since it is difficult to remove the water content 
from the pyrolysis oil by conventional methods (although it is 
possible to reduce water contents by selective condensation) [79]. 

It has been experimentally shown that smaller feedstock 
particle size distributions promote the increase of the yields of 
the liquid products against the products of solid and gaseous 
phase [13,78]. Experiments conducted in [78] concluded that this 
is mainly because of the increased heating rates experienced by 
finely ground biomass particles. 

Both grinding and drying consume a significant amount of 
electricity [37], which can either be provided on-site by combustion 
of the by-product char, permanent gases and additional biomass or 
purchased from the power grid. The drying of the biomass fuel, 
initially having a moisture content of about 15-30% w/w, demands a 
certain amount of heat which is provided by by-product utilization 
[5,37]. Other parts of the pretreatment facility include fuel reception 
and handling equipment, such as ground hoppers and conveyors [6]. 


5.2. Fast pyrolysis facility 


The fast pyrolysis reactor is a primordial part of the fast 
pyrolysis plant and represents about 10-15% of its total capital 
cost [5]. As of today, many different reactor types and configura- 
tions have been proposed. These include the bubbling and circu- 
lating fluidized bed, ablative, auger, entrained flow, rotating cone, 
transported and vacuum moving bed reactors [23]. 


Table 6 
Overview on pyrolysis reactors types [5,18,23,80]. 
Reactors types Advantages 


Fluidized bed reactor Bio-oil 


The various reactor types employed for fast pyrolysis processes 
as well as their operational properties and performance para- 
meters have been extensively discussed [5,18,23,80]. A brief 
summary of their advantages and disadvantages together with 
some typical liquid yield values as described in the literature is 
given in Table 6. 

Lehto et al. [40] gathered information on bio-oil production 
processes in 2012 with capacities above 10 kg/h. The data provided 
from this study, combined with data from [5,81] referring to industrial 
fast pyrolysis applications is presented in Fig. 5. The applications are 
sorted by feed capacity, reactor type and their operational status. 

The bubbling, circulating fluidized bed (BFB and CFB) and at a 
somewhat lesser extent the auger/screw reactors are currently the 
most popular and considered commercially viable for large scale use 
[5,15,37,42], as also reflected on the fast pyrolysis applications 
presented in Fig. 5.This is attributed to their higher bio-oil yields, 
technical maturity and ease of up scaling. The use of other reactor 
types is for the time being fairly limited and mainly aimed at 
demonstration and laboratory purposes [15,18]. However, up until 
now no reactor technology has been conclusively determined as 
ultimately superior, since each category exhibits some advantages 
while at the same time encountering technical challenges [5,15,18,23]. 
However, because the bubbling fluidized bed applications are for the 
time being relatively more popular than others, the BFB configuration 
is considered in the present study Fig. 6. 

Inert gas species (Nz or permanent gases) are used for the bed 
fluidization. Process heat is supplied to the reactor by circulating 
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Fig. 5. Existing pyrolysis technologies vs. plant capacity. 


Disadvantages 


yields: 70-75% (wood) 


Circulating fluidized bed 
reactor 


Bio-oi 


l yields: 70-75% (wood) 


Rotating cone reactor 


Bio-oi 


yields: 60-70% 


Entrained flow reactor 


Good temperature and residence time control, simple construction, 
efficient heat transfer, easy scalability, mature technology, good and 
consistent performance, high bio-oil yields, char is recycled and can 
be utilized, heating can be achieved in various ways 

Good temperature control, larger particle sizes possible, operation 
at large scale, mature technology 


Operation based on centrifugal forces, smaller carrier gas 
requirements in the reactor 


Simple technology, good scale up 


Bio-oil yields: 50-55% 
Vacuum reactor Lower temperature required, larger particle sizes possible, no 
Bio-oil yields: 35-50% carrier gas requirement 


Ablative reactor 


Bio-oi 


Auger 


Bio-oil 


yields: 60-75% 


reactor 
yields: 30-50% (wood) 


Larger particle sizes required, no inert gas required, intensive 
system, lower temperature required, smaller equipment, efficient 
liquids collection 

Compact structure, no carrier gas needed, lower reaction 
temperatures required, suitable for heterogeneous or materials 
difficult to handle 


Small particle size distribution needed (2-3 mm), careful design 
for heat exchange and liquid collection systems needed, good 
char separation necessary, larger equipment and cost unproven 
heat transfer at large scale, difficult aerosol capture 

Complex hydrodynamics, smaller char particle size can lead to 
high char content in bio-oil, unproven heat transfer at large scale, 
no byproduct char 

Relatively recent technology, no byproduct char, gas needed for 
char burn-off and sand transport, complex integrated operation 
of reactor subsystems needed 

Unsuccessful developments due to poor heat transfer, increased 
has flows required, large equipment, problematic liquid 
collection, lower liquid yields 

Too high residence time-unfavorable for effective fast pyrolysis, 
low liquid yields, complex process large equipment 

Low reaction rates, high construction and scaling cost, more 
complex because reactor is mechanically driven 


Moving parts in hot temperature zone, difficult to achieve low 
residence times, unproven heat transfer at large scale, lower 
liquid yields, higher char yields 
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flue gases produced from the permanent gases and char combus- 
tion [5,23,37]. 

Char separation is performed by the use of one or more high 
efficiency cyclones [5,6,37]. The quenching of volatile vapors is 
carried out by direct cooling, though injection of cooled bio-oil or a 
solution of immiscible hydrocarbons [5]. It has been reported that 
indirect heat exchange can lead to deposition of lignin-derived 
components, causing blockage in pipelines and deterioration of 
heat exchange surfaces [5]. Moreover, electrostatic precipitators 
(ESPs) need to be employed for efficient aerosol capture [5]. Bio-oil 
is highly corrosive, its pH ranging around 2-3 [5,40,82], and 
should be properly stored in tanks made of stainless steel or 
plastic [26]. An increase in its viscosity over time has been 
observed, while another phenomenon known as aging involves 
the continuation of slow secondary pyrolysis reactions [4,5,26]. 
Diebold [83] reports that the aging effect occurs much faster at 
higher temperatures, with the viscosity increase rate varying more 
than four orders of magnitude for hardwood and softwood 
bio-oils. 

Fast pyrolysis is a slightly endothermic reaction. A multitude of 
values concerning the heat input required for its completion have 
been reported in the literature. In [1] experiments of fast pyrolysis 
of a variety of feedstock types (pruce, poplar, straw, etc.) concluded 
to values between 0.207 and 0.437 MJkg™!. In [6] value of 
1.5 MJ kg"! of dry biomass feed is reported. In [21], the heat of 
reaction is reported equal to 2.5 MJ/kg of bio-oil produced. In [84], 
two semi-empirical equations are proposed in order to predict the 
heat of the reaction based on its moisture and ash content. There 
are many difficulties concerning the accurate estimation of the 
process heat, which are related to the complex nature of 
the chemical reaction [85]. The necessary heat stream should be 
provided to the reactor in a temperature of at least 500 °C. Further 
heat is necessary for reheating the fluidizing medium, which in 
the present work is considered to be composed of permanent 
gases produced from the process. As previously stated, additional 
heat is needed for drying the biomass. These heat requirements 
are covered by partial combustion of the permanent gases and 
char. Any char that remains unused can be either combusted in a 
steam generation cycle in order to cover the electricity required for 
the facility or sold [6]. 


5.3. Product yields and properties prediction model 


Various efforts have been made to model the process of fast 
pyrolysis with the aim to predict the yields of the final products as 
well as their composition and energy content. The importance of 
accurately calculating these values is substantial in the scope of 
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Fig. 6. Truck vs pipeline transportation specific cost for bio-oil capacities corre- 
sponding to biomass capacities of approximately 20 and 80 dry t/h, assuming a bio- 
oil yield of 65% w/w. The figures are plotted based on data from Table 5 and from 
the methodology of chapter 3.1. 


a techno-economic analysis of a unit, since it allows for better 
estimation of parameters related to the total bio-oil production 
cost, such as the energy efficiency of the process, the amount of 
the heat necessary for its completion as well as the by-product 
combustion requirements. Additionally, precisely predicting the 
elemental composition of bio-oil is paramount when scenarios 
involving its use for chemical syntheses and bio-fuels production 
are economically evaluated. 

Nonetheless, there is some substantial difficulty of effectively 
modeling fast pyrolysis [86]. This difficulty originates partially 
from the limited knowledge of its exact reaction mechanism as 
well as from its high sensitivity to the reaction conditions 
(temperature, heating rate, particle size, reactor type, residence 
time, etc.) and feedstock processed (chemical composition, moisture, 
ash content) [15,28]. The yields of char, bio-oil and permanent gases 
and their respective compositions and heating values are often given 
experimental indicative values [37]. Another approach is to model 
the bio-oil mixture with a selection of representative organic 
compounds | 14,37]. These methodologies generally aim to maintain 
mass balance closure, without investigating any underlying relation 
between the properties of the products (yields, elemental composi- 
tions and heating values) and the properties of the initial biomass. 

The characteristics of SRC willow and miscanthus considered in 
the present study are retrieved from [3]. The high heating values 
and compositions of the pyrolysis products for each case are 
calculated though the implementation of a fast pyrolysis model. 
This model encompasses a set of semi-empirical equations per- 
taining to the ultimate and proximate analysis of the initial 
biomass and the reaction temperature [29]. The equations were 
developed by regression from a large number of experimental data 
under various conditions [29]. The yields of bio-oil, char and 
permanent gases are given experimental values reported in [87], 
which are in accordance with literature data given in [5,24,88,89]. 

Additional equations of mass and elemental balance are sup- 
plemented to the model. All ash and moisture content found in the 
initial biomass is assumed to accumulate to the char residue and to 
the bio-oil mixture respectively. The HHV of the permanent gases 
is directly calculated from their composition, as is derived from the 
model. The main characteristics of SRC willow, miscanthus and 
their pyrolysis products as derived from the model are summar- 
ized in Table 7. The HHV of char and bio-oil is calculated from their 
ultimate analysis by correlations found in the literature [90,91], 
as presented in Table 8. 

In Fig. 7 the main mass and energy (fuel basis) flow rates for a 
woodchips fast pyrolysis facility of 20 dry t/h is presented, as 
estimated by an Aspen Plus™ [92] model that was developed. 
Additional information given is the heat input requirements for 
the pyrolysis reaction, the recycle gas reheat as well as for the 
drying of the woodchips. The amount of char that is utilized for 
the process is calculated assuming that the temperature of the flue 
gases exiting the facility is equal to 180°C. The electricity con- 
sumption for drying and grinding the biomass, as well as addi- 
tional electricity loads of the facility are also included (see the 
following chapter). 


5.4. Total capital investment cost 


The calculation of the TCI is based on the calculation of the 
Direct Plant Cost (DPC) of the pyrolysis plant. The Direct Plant Cost 
includes equipment purchase and installation. From the DPC and 
by a series of assumptions about the various cost components 
distribution, the TCI is estimated. These assumptions are summar- 
ized in Table 9 [37,93]. 

As described above, a fast pyrolysis unit consists of two primary 
facilities. The TPC for various plant capacities for each one is 
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Table 7 
Biomass, bio-oil, char and permanent gases characteristics and their respective yields assumed in the present study. 
Biomass Bio-oil Char Permanent gases 
SRC willow (30% moisture) 
Yield HHV (w.b.) - 71% 16% 13% 
12.9 MJ/kg 15.4 MJ/kg 25.2 MJ/kg 6.5 MJ/kg 
Miscanthus (15% moisture) 
Yield HHV (w.b.) - 69% 19% 12% 
15 MJ/kg 17 MJ/kg 22.1 MJ/kg 6.5 MJ/kg 


Table 8 


Equations for predicting the HHV of biomass, bio-oil and char (MJ/kg). 


Product 


Biomass [91] 
Bio-oil and Char [90] 
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Fig. 7. Woodchips facility block diagram including mass-energy (fuel basis), heat and electricity flows. 


estimated by equations given by Rogers and Brammer in [6] based 
on regression from data derived from past studies [39,42,70]. 
The cost of the pretreatment plant was derived from surveys on 
US timber fired power stations and straw co-firing as well as 
straw-to-ethanol plants [6,58,59,94]. There is very little difference 
between the cost of woodchips and miscanthus pretreatment 
facility, so the same regression equation can be used without 
significant error. The pyrolysis facility cost equation involves the 
reactor, liquids collection and storage system and excludes site 
purchase, ground clearance, site access and consenting costs and is 
modified accordingly. The equations employed are used for capa- 
cities of up to 200 dry t/day [53]. For larger plant sizes multiple 
200 dry t/day units are assumed. If the remaining char of the 
process is to be utilized for steam generation in order to produce 
electricity, an additional steam and power generation unit (SPGU) 
as well as a cooling tower (CT) is required. The DPC of these two 
elements is reported in [16], using cost data and scaling factors 
retrieved from [37,95-97]. The SPGU consists of an economizer, 
boiler and a turbine. The electricity produced was estimated on 
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Table 9 
Capital cost allocation of fast pyrolysis unit [37,93]. 
Direct plant cost (DPC) sum of TPC: 
Equipment, buildings erection, piping etc. 66.5% 
Warehouse 3% 
Land 4% 
Site development 3% 
Indirect plant cost (IPC) sum of DPC: 
Engineering and Supervision 8% 
Construction 10% 
Contractor’s fee 5% 
Contingency 8% 
TPC=DPC+ IPC 90% of TCI 
Working capital (WC) 10% 


Total capital investment (TCI) TPC+ WC 


the assumption that the thermal efficiency of the power genera- 
tion unit would be approximately similar to that of pulverized coal 
thermal plants of equivalent size (~50 to 60 MW thermal input). 
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In the literature values ranging from 30 to 40% are commonly 
reported [98-100]. In the current study, a thermal efficiency of 30% 
is considered Fig. 8. 

The equations used are summarized in Table 10. The specific 
DPC (per dry t of biomass feed) for the major capital cost 
components of the fast pyrolysis unit (pretreatment and pyrolysis 
plant, SPGU and CT) are plotted against various biomass capacities 
in Fig. 9. All currency values (in equations and charts) are 
converted in 2012 €. 

The specific total DPC (k€/(dry t/h) of biomass feed) of the 
pyrolysis unit is much higher for smaller units and is decreased for 
larger ones. This is owed to the great economy of scale benefits 
linked to the pyrolysis and biomass pretreatment facility. The 
impact of these benefits is substantial for units of up to 20 dry t/h 
capacities and gradually decreases when the plant capacity further 
increases. 

The pyrolysis facility is the major cost component of the 
installed capital of the pyrolysis plant. The DPC of the biomass 
pretreatment plant is about 20-30% of the total DPC. The corre- 
sponding costs of steam and power generation and cooling tower 
are higher for smaller units (with capacities under 10 dry t/h). 


5.5. Operation and maintenance cost 


The O&M includes labor, electricity, overhead production, 
insurance, maintenance and fuel costs. The number of personnel 
employed is estimated by the Wessel equation [101], for semi- 
continuous operating conditions and considering five processing 
steps. The average salary is based on gross annual earnings in the 
German industry | 102]. Overhead labor costs equal to 60% of labor 
[37,66,77], while maintenance is 2% of equipment [93]. 


Working capital 


Contingency 5% 
poate 10% 


Contractor’s fee 
4% 


Construction 7% 
Equipment, 


piping, erection 
59% 


Engineering & 
supervision 5% 


Site 
development 3% 


Land 4% Warehouse 3% 
‘0 


Fig. 8. Percentage contribution to TCI of various cost components for base 
case plant. 


Table 10 
Fast pyrolysis unit total plant cost estimation equations and assumptions [6,16]. 


Pretreatment plant 

TPCpret = 422.3x + 1125.4 (k€) [53] 
Pyrolysis plant 

TPCpyr = 3404.2 In(%) — 8301 (k€) [53] 


Steam and Power Generation Unit (SPGU) 
DPCspcu = 2612 (33) (k€) 


Cooling tower unit and other utilities 


DPCcr = 2684 (5¢%3)°”* (k€) 
where x is plant capacity, dry t/h~! 
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Pretreatment 


1 12 24 36 48 60 72 80 
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Fig. 9. Biomass pretreatment and pyrolysis plant. SPGU and CT specific DPC (k€/dry t) 
for biomass capacities ranging from 1 to 80 dry t/h. 


Insurance and taxation is 1.5% of TCI [37]. The cost of electricity 
includes power consumed by the pyrolysis and the biomass 
pretreatment plant. The power needed by the pyrolysis plant 
mainly for gas compression is estimated by Ringer [37] to be 
around 68 kWh/dry t of biomass. As far as the pretreatment facility 
is concerned, a typical rotary drum dryer used for reducing the 
level of biomass moisture consumes 32 kWh dry t~! [103]. More- 
over, in order to reduce woodchips and miscanthus bales to a size 
of about 2-3 mm, 61 and 15 kWh dry t~! are consumed accord- 
ingly (Ringer [37] and Mani [104]). As a reference, another value 
often assumed for the power requirement of grinding is 50 kWh/ 
ton of biomass [17]. It is estimated that grinding costs about 8.4 €/t 
of biomass fuel [105]. Twenty percent additional power consump- 
tion is considered in order to cover miscellaneous loads (electronic 
devices, lighting, etc.) A total of 193 and 138 kWh/dry t are 
therefore consumed in the case of woodchips and miscanthus 
respectively. These values are in general agreement with the 
Peacock report [42], where the electricity consumed by the Well- 
man and BTG fast pyrolysis processes is estimated equal to 236.6 
and 158.5 kW respectively for a feed capacity of 2 dry t/h. 
According to the New Hampshire study [70], the electricity 
consumption of the fast pyrolysis unit ranges from 107 to 
132 kWh/dry t for feed capacities from 100 to 400 dry t/day. The 
Ringer [37] study estimates the value at 175 kWh/dry t (550 dry t/day 
feedstock). The price of electricity is assumed equal 0.08 € kWh! 
[62]. In the case of steam generation, any surplus electricity by the 
plant is sold to the grid. 

The most important constituent of the pyrolysis plant’s operat- 
ing cost is the biomass purchase cost. It depends on the capacity of 
the unit as well as the price of biomass. The latter is made up of 
two parts. The primary component is called crop cost and reflects 
expenditures that include land preparation and cultivation (land 
ownership and exploitation related costs, utilities such as fertili- 
zers and other chemicals, sowing equipment purchase or rental). 
Additional costs that concern the handling of biomass include its 
harvesting (labor and equipment), primary transformation (i.e. 
chipping or baling), field (local) and road (long distance) transport 
and storage [106]. The overall cost of biomass handling is highly 
connected to the properties of the species being examined 
(moisture, density, yield and annual availability), its source as well 
as to the local market status and economy trends. The price of 
biomass is additionally related to the characteristics of the supply 
chain selected. These include time scheduling, mass losses, power 
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and fuel requirements during each step of biomass handling and 
the modes of field harvesting (i.e. equipment and machinery), 
collection and storage (local vs. central) applied. Various purchase 
prices are reported in the literature, which range between 30 and 
90 €/dry t. In the present work, the price of SRC woodchips and 
miscanthus is taken from [6]. It should be noted that the 
components of biomass purchase cost are taken independent of 
the utilization scheme considered. Consequently, the cost of 
biomass field storage (at about 15 €/t [107]), for instance, is the 
same for both scenarios (direct transport and bio-oil production) 
examined. The road transport cost component of biomass price is 
estimated separately, with the methodology described in Section 3. 
For the both fuels (SRC willow and miscanthus, a value of 10 dry t/ha 
of surface density is considered for the base case. This assumption is 
made taking into consideration a range of values reported from the 
literature for the harvest yield of SRC [108-111] and miscanthus 
[112-115]. 

The project life is assumed 25 years and the interest rate 7%. 
The annual capacity of the unit is 90% (7884 h of operation/year). 
These values are commonly assumed in various other relevant 
techno-economic assessments [6,17,66,70,116]. The fast pyrolysis 


Table 11 
Fast pyrolysis process heat requirements. 
Biomass drying Drying of biomass from initial moisture to 7% w/w 


Pyrolysis 
reaction 


Antal correlation [117] 


Fluidizing gas Heating of recycle permanent gases stream from 50 °C 


reheat (exiting the quencher) to 500 °C. Recycle gas stream fraction 
estimated with the assumption that the total fluidizing gas 
reheat requirement is equal to about 600 kWh/dry t of 
biomass [6] 
Table 12 


Percentage of char available for electricity production, electricity produced from 
SPGU and electricity to grid (kWh/dry t of biomass feed to the plant) required for 
covering power loads. 

Biomass type % of remaining char Electricity produced Electricity to grid 
SRC willow 65% 
Miscanthus 67% 


218 kWh 
234 kWh 


25 kWh 
96 kWh 


a 
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12 
10 Electricity 
5 8 
oO 
P Biomass collectio 


Capital 


Biomass purchase 


(66 €/dry tn woodchips) 
1 20 40 60 80 
Q(dry tn/h) 


process heat loads required, the percentage of remaining char for 
SRC willow and miscanthus as well the electricity produced by its 
combustion are estimated through the implementation of the 
AspenPlus™ [92] model and are given in Table 11 and Table 12. 


5.6. Bio-oil production cost - results and discussion 


The bio-oil production cost for the base case scenario assumptions 
and its various components for capacities ranging from 1 to 80 dry t/h 
are plotted for woodchips in Fig. 10. It can be seen that the most 
significant cost component of bio-oil production is the cost of biomass 
purchase, which is roughly equal to 50% of the total cost. The cost of 
electricity required for the operation of the unit, as well as the capital 
investment cost has also a substantial impact. 

The specific maintenance, insurance and taxation cost as well as 
the labor and capital costs tend to decrease for larger unit scales and 
are minimized in the case of an 80 dry t/h unit. It should be 
additionally noted that the cost of biomass collection, which is the 
cost of local transportation of the harvested biomass to the pyrolysis 
plant is insignificant compared to the other costs. Consequently, the 
impact of biomass surface density, which is directly connected to the 
cost of biomass collection, is negligible compared to that of other 
operation parameters. In the case of char utilization for electricity 
production, there is a slight increase in the capital investment. On the 
other hand, the income from selling surplus electricity results in an 
overall reduced production cost of bio-oil. 

The variation of the cost of bio-oil production, excluding 
biomass purchase, for different values of labor (Germany and 
Spain), surface density 6 and bio-oil yield is given in Table 13. 


6. Scenario comparison-results and discussion 


Having estimated all the cost components required, the two 
scenarios of direct biomass transportation and fast pyrolysis/bio-oil 
transportation are examined according to the principles presented 
in Section 2 and depicted in Fig. 11. By comparing the costs of the 
two scenarios, it is possible to decide which is more beneficial, given 
a circular surface of specified biomass surface density 6. 

In Fig. 12, the total specific cost as well as its primary 
components between the two scenarios examined (direct biomass 
transportation and fast pyrolysis-bio-oil transportation) are 
depicted. The cost is expressed per kWh, delivered at the yard 
of the central gasification unit C for various values of D. The fuel 
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Fig. 10. Bio-oil production cost (€/GJ) for woodchips and miscanthus for varying values of pyrolysis plant capacity Q and biomass surface density (a) no steam generation 
(b) steam generation. The savings from the installation of SPGU and CT are also depicted for 20 dry t/h and 80 dry t/h units. 
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Table 13 
Bio-oil production cost variation for various values of biomass surface density, labor 
cost and bio-oil yield for woodchips. 


Effect of biomass surface density, 5 


Germany labor cost, 0.5 dry 20 dry 
bio-oil yield 65% t/ha t/ha 

Q= 5 dry t/ha 14.66 €/G] 14.52 €/GJ 
Q=20 dry t/ha 10.71 €/GJ 10.43€/G] 
Q=80 dry t/ha 9.52 €/G] 9.04 €/GJ 
Effect of labor cost 

ô=10 dry t/ha, Spain Germany 
bio-oil yield 65% 

Q= 5 dry t/ha 13.39 €/GJ 16.25 €/GJ 
Q=20 dry t/ha 9.85 €/G] 10.45 €/GJ 
Q=80 dry t/ha 8.79 €/G] 8.94 €/G] 
Effect of bio-oil yield 

Germany labor cost, 60% 75% 
5=10 dry t/ha 

Q= 5 dry t/ha 17.19 €/GJ 13.76 €/GJ 
Q=20 dry t/ha 12.37 €/GJ 9.90 €/G] 
Q=80 dry t/ha 10.75 €/GJ 8.60 €/G] 


cost for the scenario involving intermediate conversion of the 
biomass to bio-oil is higher than the respective cost of direct 
biomass transportation for a central transportation distance (P-C) 
ranging from 100 to 500 km. As expected, the difference between 
the costs of the two scenarios tends to decrease for higher values 
of D, since the cost rate of bio-oil transportation is lower than the 
respective cost of biomass, as can be seen by the difference in the 
slope of the curves of the central transportation cost. However, the 
savings from the transportation advantages of bio-oil are insignif- 
icant. It should be noted that the biomass-to-bio-oil supply chain 
is more advantageous in the case of miscanthus. This is due to the 
fact that its transportation cost is much higher relatively to bio-oil 
than in the case of woodchips. Additionally, its conversion to bio- 
oil has a higher efficiency (higher yield and HHV of miscanthus- 
derived bio-oil) for the case examined. Assuming that the central 
unit located in C is an IGCC plant with an electrical efficiency equal 
to 40% for both biomass and bio-oil, the fuel costs for the plant per 
kWh, are estimated. For a variation of D from 100 to 500 km, these 
costs range from 0.04 to 0.06 €/kWh. (woodchips) and from 
0.09 to 0.10 €/kWh,; (woodchips derived bio-oil). For miscanthus 
the corresponding cost ranges are 0.04-0.07 €/kWhel (biomass) 
and 0.07-0.08 €/kWh. (bio-oil). As a showcase, the yard fuel cost is 
also estimated assuming that a methanol production bio-refinery 
is located in C. The mass ratio of methanol production per t of fuel 
input to the plant is estimated by the use of Aspen Plus ™ [92] 
software, assuming ideal conversion of the CO present in the 
syngas produced from the gasification of each biomass and bio-oil 
species. The gasification process model is carried out by oxygen at 
800 °C and at a pressure of 30 bar, considering heat losses equal to 
3% of the fuel input. The results are summarized in Table 14. 
It follows that the fuel cost for a methanol bio-refinery plant of 
woodchips and woodchips-derived bio-oil feedstock ranges from 
335 to 522 €/t of methanol (biomass scenario) and from 528 to 626 
€/t (bio-oil scenario) for an D distance ranging from 100 to 
500 km. For miscanthus, the ranges of these values are 294-543 
€/t (biomass) and 467-568 €/t (bio-oil), respectively. As of March 
2013, the methanol price in Europe is 390 €/t [118]. It follows that 
the perspective for bio-methanol production at a competitive cost 
is thus restrained and further consideration should be made. 


7. Conclusions 


The bio-oil production through fast pyrolysis has been exten- 
sively investigated by academic and industrial organizations. 


a 


Biomass source area A 
1st Scenario 


Biomass source area A 
2nd Scenario 


P : Pyrolysis plant (center of dA) 
C: Central unit 


— — — Biomass transport 
-----—- Bio-oil transport 
O Crop field 


Fig. 11. Alternative transportation scenarios examined (a) Direct biomass trans- 
portation from circular surface to central plant C (b) Biomass conversion to bio-oil 
in pyrolysis plant situated in the center P of the circular surface and transportation 
of bio-oil to central plant C. 


The main advantages of liquid fuels generally include the more 
efficient, cost-effective handling and storage, improved fuel prop- 
erties and higher energy density in contrast to the solid fuels. 
Furthermore, bio-oil can be upgraded or utilized in various 
processing pathways and possible applications (i.e. power and 
heat generation, transportation fuels, chemicals and materials). 
The above features have led to an increasing interest for the 
commercialization of the fast pyrolysis technology, with many 
different reactor types and configurations being proposed inter- 
nationally. Although no reactor design has been as far proven as 
definitively optimal, the general process principles for maximizing 
the yield of fast pyrolysis bio-oil have been determined. 

In this study, the prospective of bio-oil as an alternative, cost 
competitive energy carrier from decentralized biomass sources to 
central biorefineries/gasification plants was investigated. The purpose 
of the analysis was to evaluate the potential of the increased energy 
density liquid fuel to reduce the higher costs inherent in the 
transportation of low energy density, solid biomass. The production 
cost of bio-oil was estimated by developing a methodology based on 
literature data and similar techno-economic studies of fast pyrolysis 
plants. It was determined that the purchase price of biomass has a 
definitive impact on the cost of bio-oil, since its contribution can be as 
much or even exceed the half of its value (at 66 €/dry t biomass price). 
As a result, bio-oil production schemes can be more economically 
attractive when sources of low cost biomass are accessible. The 
electricity consumption of fast pyrolysis units also constitutes a 
significant operating cost component, which can be alleviated by 
combusting the char and permanent gases for power production. It 
was also shown that significant economies of scale benefits emerge for 
pyrolysis plants of capacities larger than 20 dry t/h of biomass. 

Moreover, a detailed model for calculating the transportation 
costs of solid biomass and bio-oil by trucks was formulated, 
integrating cost component data and transport-related legislative 
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Fig. 12. Specific gasification plant yard fuel cost comparison between the two scenarios examined for (1) woodchips and (2) miscanthus, assuming a central transportation 
distance (between P and C) ranging from 100 to 500 km (a) Direct biomass transport to C (b) Intermediate fast pyrolysis in P and bio-oil transportation by pipeline to C. 


Biomass capacity Q=80 dry t/h, 5=10 dry t/ha. 


Table 14 
Methanol conversion ratio for fuels examined. 


Fuel % (w/w) methanol production ratio 
(gasification @ 800 °C 30 bar) 


Woodchips 211% 
(30% w/w moisture) 
Bio-oil 27.8% 
(woodchips derived) 
Miscanthus 16.5% 
(15% w/w moisture) 
Bio-oil 26.9% 


(miscanthus derived) 


regulations and technical specifications. Although bio-oil exhibits 
a lower specific transportation (0.81vs 1.08 €/GJ for woodchips, vs 
1.60 €/GJ for miscanthus at 100 km) than solid biomass, a major 
obstacle for fully taking advantage of its high energy density is 
posed by technical and legislative restrictions on the maximum 
gross vehicle weight of trucks. For this reason, the transportation 
of bio-oil via pipeline becomes more cost-efficient for higher 
capacities (over 15 t/h). 


A scenario involving intermediate conversion of biomass to bio-oil 
through the fast pyrolysis process and bio-oil transportation to a 
central bio-refinery unit was compared to a scenario of direct biomass 
transportation to the same unit. A semi-empirical model was 
employed to estimate the yields and energy content of the pyrolysis 
products as well as the energy balance of the process. Under the most 
favorable (from an economic standpoint) conditions assumed regard- 
ing the fast pyrolysis scenario (involving an 80 dry t/h unit, steam and 
electricity production and pipeline transportation), it is concluded that 
the reduction of the transportation costs (owed to the liquid phase of 
bio-oil) cannot make up for the increased capital and operation costs 
related to the fast pyrolysis process for a range of distances between 
100 and 500 km. For woodchips, the fuel yard cost of the direct 
biomass transport scenario is by 0.019 and 0.017 €/kWh,, lower than 
the scenario including conversion to bio-oil for transportation dis- 
tances of 100 and 500 km respectively. The equivalent values in the 
case of miscanthus are 0.012 and 0.006 €/kWh,,. These results indicate 
that the relative decrease in the transportation costs through the 
conversion of biomass to bio-oil can be especially beneficial in the case 
of lower energy density biomass species, even when considering a 
lower energy efficiency of the process (as is the case in the 
present work). 
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Conclusively, given the assumptions and the results of the 
present study, it seems that for the time being fast pyrolysis has 
the potential of fuel transport cost reduction mainly for large scale, 
low energy density biomass production schemes and for very long 
transport distances, suggesting utilization schemes on a multi- 
national level. However, improvements in the conversion effi- 
ciency along with a reduction of the capital-related charges of the 
technology have the potential of making bio-oil more cost com- 
petitive as an energy carrier for even smaller distances. 

It should be, finally, also stressed that in order to have a more 
complete evaluation of bio-oil’s potential role as a cost efficient 
energy carrier, the economic impact of the advantages of bio-oil 
over biomass regarding their use in a bio-refinery (concerning 
handling, storage, pretreatment, syngas quality) needs to be 
additionally assessed. 
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